The detailed analysis of chromatin structure has been enabled due to rapid development of chromosome conformation capture techniques. One of the most popular and widespread variations is high throughput conformation capture, or Hi-C, based on paired-end sequencing. Although a standard data analysis protocol exists to process Hi-C output, some results are still controversially interpreted, for example pairs of reads that are mapped to the same strand of the same restriction fragment. Here we propose the name "mirror reads" for these cases and investigate possible biological and methodological context of their emergence. We test multiple hypotheses of mirror reads origin, such as genome duplications, replication fork, cohesion of sister chromatids, and homologous chromosome pairing. The current work demonstrates the association of mirror reads with the presence of homologous chromosomes in the nuclei, and homologous pairing. The results support biological relevance of mirror reads.
INTRODUCTION
Multiple breakthroughs in the understanding of the chromatin nature have been made due to emergence and rapid development of chromosome conformation capture and derivative techniques, or C-methods. One of the most popular and informative variation is Hi-C, or high-throughput conformation capture.
The major steps of this method are formaldehyde cross-linking of chromatin, restriction enzyme digestion (e.g. HindIII), biotinylation of fragments, DNA proximity ligation of blunt ends, precipitation with streptavidin and amplification of all ligated fragments. The resulting library is sequenced with any pair-end method [1] . Then the sequencing data are mapped to the genome of the studied organism. The number of read pairs located at particular genome regions reflects the probability of their interaction in the chromatin.
A protocol for Hi-C data processing was developed since its invention and was implemented in various tools (e.g. the hiclib library 1 ). The major processing steps 1 http://bitbucket.org/mirnylab/hiclib are read mapping, annotation of restriction fragments, filtering and binning of data. Large amounts of data are typically filtered out as erroneous or uninformative. But some cases are still interpreted controversially. Let's consider a possible sequence of events during the Hi-C analysis ( fig. 1 ). There are two identical regions lying close to each other in chromatin: ABC and complementary A'B'C'. After cross-linking and restriction enzyme digestion the corresponding fragments will be located in close proximity in the nucleus. The subsequent ligation will result in one fragment with two ABC sequences located at different strands and in opposite directions. After that DNA is fragmented, precipitated and purified. Following the steps of pair-end sequencing and mapping both reads will be mapped to the same restriction fragment in one direction (ABC-ABC). We propose the name mirror reads for such cases. We are not the first to face the mirror reads problem, although no special term was suggested for it. Such cases were recommended to be deleted as erroneous up to 2014 [2] with no detailed explanations. The early software for Hi-C processing filtered out all mirror reads by default (e.g. old versions of the hiclib library 1 . After less than a year mirror reads were discussed in one paragraph of a paper [3] . In this work the proportion of mirror reads was computed for several Hi-C experiments for D. melanogaster (see Table 1 ). According to the authors, one particular Kc167 experiment produced more than 20% of mirror reads, but all other experiments had less than 1% of them. Notably, these cases are excluded from further analysis Publisher: Kernel Press. Copyright c (2017) the Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. [3] .
according to the conventional Hi-C data processing protocol, which impairs the quality of expensive and time-consuming experiment.
The factors affecting the number of mirror reads are not known and poorly investigated. For instance, the already mentioned work [3] postulates without evidence that Hi-C reads mapped to the same restriction fragment in one direction result from interactions between paired and aligned chromatids or homologous chromosomes, and no other possible sources of mirror reads are considered.
We suggest that investigation of other factors can help to retrieve additional information from a Hi-C experiment and to avoid technical issues resulting in enormous amounts of mirror reads.
Here we propose the hypothesis that mirror reads have biological origin and represent spatial proximity and interactions of identical DNA regions containing restriction sites. In other words, mirror reads represent the interactions of homologous DNA regions.
Several types of spatial interactions of homologous regions are known for eukaryotic chromosomes.
First of all, there are interactions at the particular steps of cell cycle, such as sister chromatin cohesion during mitosis and homologous chromosome cohesion during meiosis [4] .
One of the extreme cases of spatial proximity are recently replicated DNA strands. The replication starts at replication origins marked by associated factors ORC and MCM. Afterwards the replicated DNA strands are held together via cohesin rings in the S-phase of the cell cycle up to the mitosis phase.
Chromosome pairing is the case of interphase homologous interactions. In mammals and yeasts these interactions are rare, occurring at specific loci and highly regulated; in fruit flies they are continuous and include whole chromosomes [5] .
The other source of interactions of homologous regions are duplications. Even if genome duplications are not interacting directly, they can be located close enough in the three-dimensional nuclear space to be frequently ligated, sufficient for detection. The most substantial should be the case of tandem duplication, when a DNA copy is inserted right after the original sequence.
As noted above, only homologous pairing was associated previously with Hi-C mirror reads. Here we determine the contribution of all these factors to the Hi-C data.
METHODS
To investigate the problem of mirror reads we processed and analyzed multiple Hi-C datasets, both public and our own experiments. Previously published Hi-C datasets [6, 7] were available in the GEO 2 and ArrayExpress 3 databases, respectively. Our own data comprised Hi-C data for four D. melanogaster cell lines (S2, Kc167, DmBG3-c2, and OSC), a total of 19 experiments performed by the standard Hi-C protocol with the HindIII restriction enzyme [1, 8] .
Since we questioned multiple origins of mirror reads, various additional datasets were retrieved and analysed: D. melanogaster (DM3), M. musculus (MM9), and H. sapiens (HG19) genomes from UCSC 4 ; whole-genome ChIP-experiments from MODENCODE 5 ; our own resequencing data for S2, Kc167, DmBG3-c2 [8] , and OSC cell lines processed with Delly [9] for the presence of genome rearrangements.
The analysis workflow is presented at fig. 2a . For implementation we used Python, bash, Python package hiclib 1 and bowtie2 software [10] . Correlation analysis was performed via StereoGene tool 6 (with default parameters and 50 kb window size, 10 kb step). The analysis workflow used for the work. It was applied for datasets from [6] [7] [8] [11] [12] [13] [14] [15] [16] [17] .
For the retrieval of mirror reads from each Hi-C experiment we applied the following procedure. Hi-C reads were annotated by restriction fragments found in the corresponding genomes, strand, read length and nearest upstream and downstream restriction sites. Mirror reads were selected by the following conditions: (1) reads in the sequencing pair are mapped to the same restriction fragment, (2) reads are mapped to the same strand. We filtered out reads mapped closer to the downstream restriction sites than their length in order to avoid intersection of reads with restriction sites.
Surprisingly, we observed a high frequency of pairs with both reads having the same mapping start (from 4.25% to 50.9% from all mirror reads). We found that the number of such pairs linearly depends on the total number of mapped Hi-C reads. Moreover, the nucleotide composition analysis of such read pairs revealed that the 5'-end was enriched with A-T nucleotides (data not shown). We excluded these cases from further computations as possible experimental artefacts.
RESULTS
First of all, we found that mirror reads are present in Hi-C datasets and compose 0.3 − 0.8% of mapped read pairs (for datasets from GSE69013). We performed random shuffling of mapped reads in Hi-C pairs in order to model random Hi-C interactions and found that the proportion of mirror reads in shuffled datasets was several orders of magnitude lower than in real data (data not shown).
We retrieved mirror reads for both diploid and haploid mouse cells ( [7] ). The proportion of mirror reads from the total number of mapped Hi-C read pairs for haploid sperm cells (GEO ID: SRR1299151) is 0.07% being only three-fold smaller than 0.23% for fibroblasts (GEO ID: SRR1300754). This implies that homologous chromosomes contribute but other factors are still producing mirror reads in cells with single chromosomes set.
Mirror reads are present at both mitosis and G1 phases of the cell cycle in synchronized human cells from [6] (0.063% and 0.029% of total number of mapped Hi-C read pairs, respectively, average of values for datasets from datasets with ArrayExpress ID ERP004055).
This implies that even when chromosomes are condensed or diverged, there are other factors contributing into mirror reads profile.
We suggested that one of these factors can be unannotated genome duplications containing restriction sites. To test this hypothesis we analyzed tandem duplications for four D. melanogaster cell lines. We found that the absolute number of mirror reads is elevated at the duplications ( fig. 3a , grey area) compared to ordinary genome regions ( fig. 3a, white area) . This effect persists in a lesser extent after normalization of mirror reads by all Hi-C interactions for these regions ( fig. 3b) . Interestingly, no effect could be observed for randomly selected regions instead of duplications, except for several outliers that changed with new randomization round. We also assessed the contribution of CTCF and Su(Hw) binding, cohesion by Smc3 and replication (MCM and ORC factors).
We calculated the correlation between mirror reads coverage per fragment and chromatin factors smoothed ChIP profiles (modENCODE IDs: 3281, 330, 4128, 2783, 2755) and found that the correlation with replication and cohesion factors binding sites was higher than with chromatin architecture proteins (being 0.1 to 0.16 versus −0.06 to −0.03, respectively). Finally, we tested another possible source of mirror reads: homologous chromosome pairing. Since the phenomenon is known for flies only, but not for mammals, we compared the fraction of mirror reads for fly and human Hi-C experiments. As both fly and mammal female cells contained a pair of X chromosomes, while male cells contained only one copy of X chromosome, we used the proportion of Hi-C mirror reads in the male cells as a reference for each species and compared it with the female cells. Importantly, some of D. melanogaster cell cultures were derived as mixtures of male and female cells and had no determined sex, thus we calculated the dosage of chromosomes as the sum of all interactions of a chromosome divided by the sum of all Hi-C interactions (fig. 4) . We found that the number of mirror reads was significantly higher in D. melanogaster female cells than in male cells for sex chromosomes, but not for autosomes. We did not observe the same effect in human cells, in agreement with the fact that there is no large-scale chromosome pairing in mammals.
DISCUSSION
Here we propose and justify the hypothesis that the mirror reads originate during Hi-C protocol from homologous regions interactions.
The mirror reads are present in the Hi-C data from haploid cells, although in smaller amounts than in diploid cells. This implies that mirror reads are at least partly emerging from some unknown sources during Hi-C protocol and might not have biological meaning, since in haploid cells no effects originating from homologous chromosomes interactions are possible.
Nevertheless, the possibility of contamination and imperfect selection and synchronisation of cells in the analyzed experiments could also contribute to mirror read profile. For example, occasional admixture of surrounding tissues to the mouse sperm cells from [7] will not drastically change the resulting Hi-C, but might introduce notable bias into small portions of mirror reads. For synchronized cells [6] the same might be considered. Even small amounts of cells not at the middle of mitosis and G1 might produce mirror reads impairing the analysis quality.
In both cases mirror reads might derive from unannotated duplications. Most analysed experiments were performed for cell cultures meaning the cells cultivated in artificial conditions with weak selection for many generations.
Thus random mutations and rearrangements might have been accumulated. Unfortunately, the control for this hypothesis is possible only with resequencing data, which is absent for the cells from discussed papers.
In the current work we demonstrate that both duplications and homologous pairing contribute to mirror reads observed in Hi-C data.
We observed an increased number of mirror reads at tandem duplications after normalization by all genome interactions for each restriction site.
Although the number of duplications is relatively small leading to the prominence of rough outliers around duplications, the trend is observable for true duplications and not for randomly selected control regions. To confirm this result, the same kind of analysis should be applied for other organisms including mammals and for all kinds of duplications.
In this work we propose a new method for per chromosome analysis of mirror reads -plotting the dependence of the total number of mirror reads per chromosome from the dosage of the same chromosome.
With this method we demonstrate that mirror reads are prevailing at paired X chromosome of female fly rather than at unpaired X chromosome of male fly or fly autosomes and all mammals chromosomes.
We briefly address the contribution of replication and cohesion to the mirror reads profile. We were not able to prove their importance explicitly because we observed only increase of correlation coefficients with our software. This might be due to the mirror reads profile sparsity, or scattering over limited number of restriction sites (several thousands per genome). StereoGene might be non-robust for sparse data or other not tested yet set of parameters should be used. For future work, other tests for the same task should be considered.
We discovered a specific type of mirror reads that constitutes up to 50% of all mappings of pairs at the same restriction site in one direction. They are distinguished by the coincidence of mapping starts for reads in pairs and by the nucleotide composition shifted to the A-T at the beginning of reads. To test the other peculiar qualities of these cases we analyzed the distribution of distances from such reads to the nearest restriction sites and did not find any predisposition to be mapped close to the restriction sites (data not shown).
The origin of such reads is unknown but likely due to methodological artefacts. Notably, all steps of Hi-C fragmentation are performed by restriction enzyme or by shearing meaning that induced breaks are placed either strictly at the restriction sites or completely randomly. The predisposition of shearing breaks to some fragile sites could also be assumed. This supposition is supported by the fact that observed reads demonstrate the specific nucleotide composition.
Although an attempt to characterize mirror reads was performed in [3] , no possible erroneous and artifact sources were investigated or discussed. The authors did not take into account that up to 50% of all mirror reads are likely to be methodological artefacts with no biological meaning. Moreover, no other biological sources of mirror reads were considered, such as duplications and replication forks.
In the current work we attempted to analyze mirror reads and their possible sources in the Hi-C procedure. Although we faced the problem of data sparsity, we found biological factors that might contribute to mirror reads and also determined one possible artifact factor. 
